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Abstract

Pine (Pinus silvestris) wood with shaped sample dimensions of 20 mm x 20 mm x 5 mm (axial) was selected as the raw material. Samples were
dried and, for a half of the samples, resin extraction from the sample was applied. SiO, sol was prepared, and samples were impregnated under
different vacuum/pressure conditions. Relative impregnation efficiency was calculated for impregnated samples and varied from 95 up to 105%
of the theoretical value for different samples and impregnation conditions. Impregnation and drying procedures were repeated up to three times
to increase the SiO, amount introduced in the sample. Impregnated samples were pyrolyzed at 500 °C under oxygen free atmosphere with the
subsequent high temperature treatment at 1600 °C in an Ar atmosphere. Biomorphic SiC ceramics and its precursors were investigated using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). An experimental result shows that

the optimized vacuum/pressure impregnation technique is highly effective for the introduction of SiO, in the wood.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Sol-gel process; Porosity; SiC; Wood

1. Introduction

Nowadays, nature is progressively becoming a model for
innovation in structural design. Recently, a new class of struc-
tural materials, biomorphic ceramics, has attracted a lot of
attention. These materials are prepared by the biotemplating
technique, where natural grown structures are used as bulk
templates for fast high-temperature conversion into ceramics.
Bioorganic substances like wood are characterized by a strongly
anisotropic structure, where the basic units are elongated chan-
nels, assembled parallel to the growth direction. The advantage
of wood as a structural material is the durability of the struc-
ture combined with a low bulk density. The introduction of Si in
the wood offers possibilities of obtaining porous SiC ceramics
during high temperature treatment in an inert atmosphere.

Up to know, there are several technologies developed for
obtaining porous SiC ceramic materials from wood precur-
sors, some of them being reactive Si vapor infiltration,'~®
infiltration with Si containing vapors from decomposed metal
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organic precursors,’ and reactive infiltration with Si-containing
melts.3"13 Impregnation with SiO, nanoparticles containing
sol,!*17 with NaZOonSiOZ,]8 with Si-containing polymer,19
with metal organic precursors’®>* and with sol-gel derived
Si0; so0l? was performed via the following carbothermal reac-
tions. Comparing the previously mentioned methods, the sol-gel
impregnation method with the following carbothermal reaction
has some advantages such as low cost, easy procedure and the
ability to retain the structure and morphology of the starting
carbonaceous precursor material. As a result of the reactions,
single-phase SiC ceramics with a relatively high porosity is
commonly obtained.>

For obtaining of porous SiC ceramics, the optimized vac-
uum/pressure SiO, sol impregnation technique was developed
and described in the present paper. In the previously published
papers, impregnation has been repeated up to 5 times with each
impregnation process time up to 9 h to achieve the optimal C to
SiO; molar ratio 3 in the sample;?° after four impregnation
procedures, only 45% of the Si(OH)4-gel weight gain necessary
for the complete reaction has been achieved.?’ Unlike described
in previous studies!> that sol gradients and uneven infiltration
causes 50% difference between calculated and measured infiltra-
tion results in the wood state, IE up to 95% for non-extracted and
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105% for extracted pine wood samples have been achieved. The
use of the optimized process allows decreasing the number of
impregnation cycles to three and shortening the total one impreg-
nation procedure time to about 40 min. For the impregnation
procedure, pine tree (Pinus silvestris) samples were prepared
and, for a half of them, resin extraction was performed. After
each impregnation, gelling and drying of SiO, gel were carried
out, forming the SiO, gel/wood composite. The impregnation
procedure was repeated several times to increase the SiO; con-
tent in the sample. Pyrolysis of the obtained samples was done
to convert the SiO; gel/wood composite into a SiO,/Cp (biocar-
bon) composite. The following high temperature treatment in an
Ar atmosphere leads to the carbothermal SiO; and Cg reaction,
forming porous SiC ceramics with a tubular, pine wood specific
structure. The microstructure, crystalline phase composition and
chemical functional groups of biomorphic SiC ceramics and
its precursors were investigated using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FI-IR) and scanning
electron microscopy (SEM).

2. Experimental procedure
2.1. Material preparation

Pine wood was shaped in dimensions of 20 mm x 20 mm x
5 mm (axial) and dried at 105 °C for 24 h. To increase the pore
volume and the corresponding possible amount of the impreg-
nated Si precursor per cycle, resin extraction was applied for a
half of the samples. Extraction was performed in a Soxlet extrac-
tion apparatus for 24 h; toluene/ethanol solution in the volume
ratio 2:1 was used as the solvent. SiO, sol was prepared using
TEOS —tetraethyl orthosilicate (Aldrich, Ref.: 131903), distilled
water, hydrochloric acid and ethanol at a suitable molar ratio to
obtain the concentration of SiO; sol equal to ~15% by weight.

Wood samples were placed in a self-made impregnation ves-
sel, evacuated for 5 min up to a 52 kPa vacuum, then showered
with SiO» sol and delayed for 5 min before the pressure increas-
ing in the vessel up to the atmospheric pressure. Then the
samples and SiO; sol were moved to a custom-made hydraulic
isostatic press with the following pressure increase up to 30, 60,
125 MPa with a 5 min hold time. After high-pressure treatment,
the samples were drained and weighed to determine the SiO»
sol uptake and placed in a drying oven applying an increas-
ing temperature up to 105°C with the hold time 24h at the
maximum temperature. After each impregnation cycle, which
included impregnation and drying, mass increase of the sam-
ple was measured. Impregnation cycles were repeated three
times to increase the SiO; content in the sample. Pyrolysis
of the samples was performed in an oxygen-free atmosphere
at 500 °C with the rate 120°C/h to form a SiO2/Cg compos-
ite. Further sample processing was performed in a modified
high-temperature furnace in an Ar atmosphere for 1600 °C with
the rate 300 °C/h. The temperature in the furnace was raised
up to the desired temperature and hold for 4h to conduct the
carbothermal reaction between SiO; and Cg, resulting in the for-
mation of 3-SiC. Fig. 1 represents a flow diagram of the whole
process.
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Fig. 1. Flow diagram of manufacturing biomorphic SiC ceramics from pine
wood.

2.2. Characterization

The pyrolytic behavior of pine tree wood, SiO» gel and the
Si0; gel/wood composite was characterized using thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA)
in a Ny atmosphere with the flow rate 20 ml/min (TGA) and
100 ml/min (DTA), with the heating rate 5 °C/min from room
temperature to 1000 °C. TGA and DTA were performed on a
TGA/SDTA 841 (Mettler Toledo) thermal analyzer.

A Fourier transformation infrared spectrometer (Varian
Scimitar 800) in the wave number range 4000-400cm™! was
used for sample investigations in the transmission mode in a dry
air atmosphere using the KBr pellet technology.

For crystalline phase identification, X-ray diffraction was
measured on a powder X-ray diffractometer (PANalytical X’ Pert
Pro), using Cu radiation produced at 40 kV and 30 mA, step size
of 0.017° (20), and a hold time of 20s.

The morphological properties of the samples were investi-
gated using a scanning electron microscope (Tescan Mira/LMU)
at 20kV acceleration voltage and 6-10 mm working distance.
For the observation sample fracture surface was used. 15 nm
gold film was sputtered on the samples before the observation.

3. Results and discussion
3.1. Resin extraction, impregnation efficiency

During resin extraction, resins were removed from the resin
canals. The average weight loss of the samples was 2 mass%.

As an indicator of this is the Impregnation Efficiency (IE, %),
respectively, the volume share in percent from the total theoret-
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Fig. 2. Relationship between IE and the applied absolute pressure for pine wood
and extracted pine wood samples.

ical pore volume filled with SiO, sol right after impregnation
(see Fig. 2), calculated for the first impregnation cycle using Eq.
(1).

Ps = Pw - Mol

IE = - 100% (1)
Psol - Ms(Pw — Ps)

where pg: sample geometrical density (g/cm?); py: specific grav-
ity of a lignified cellulose cell wall, 1.53 g/cm?; mg: weight of
the impregnated SiO; sol in the sample (g); pso1: density of Si0»
sol (g/cm?); my: weight of the sample before impregnation (g).
The sample geometrical density (ps, g/cm?) before impreg-
nation was found to be 0.523 4 0.011 g/cm? for extracted and
0.535+0.014 g/cm® for non-extracted samples. The specific
gravity of a lignified cellulose cell wall, 1.53 g/cm?, is prac-
tically constant for all timbers.® The density of the prepared
Si0; sol was measured using the gravimetric method and was
0.872 £ 0.002 g/cm?>. The comparison of IE for pine wood and
extracted pine wood applying different pressures is shown in
Fig. 2. For pine wood, IE varies around 95%, while, for extracted
pine wood IE reaches 105%. So, the high IE results for the
extracted pine wood can be explained by filling of the emptied
and opened resin canals and a better SiO; sol/cell wall wetting
ability. The extracted pine wood IE was calculated against the
theoretical free volume of the non-extracted pine wood.

3.2. SiO; content in the samples, pyrolysis and TGA/SDTA
analysis

For complete conversion of the carbon present in wood to SiC
during carbothermal reactions, a notable amount of SiO; should
be introduced in the sample. The total SiO; to Cg mass ratio
should be around 1.67. As there is a mass decrease for the SiO;
gel and wood during pyrolysis, mass yield for both of them was
determined. It was established that the char yield of wood dried
at 105 °C after pyrolysis at 500 °C (Cg) was 23.5 wt.%, and that
of the SiO; gel dried at 105 °C after the treatment at 1000 °C
(Yge1) was 94 wt.%. Considering the above-mentioned, the dried
gel mass myg (g) to m; ratio (coefficient K) was calculated using
Eq. (2). In our case, the theoretical value of K was equal to 0.41.

mg 1.67-Cp
mg Ygel

K = 2)

Table 1
Coefficient K values after three impregnation cycles with SiO; sol.

Applied absolute pressure, MPa

30 60 125

Extracted pine wood 0.63 £ 0.04 0.58 + 0.01 0.62 + 0.03
Pine wood 0.61 £ 0.04 0.54 =+ 0.02 0.61 + 0.03
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Fig. 3. Relationship between the geometrical density of the SiO; gel/pine wood
composite and the number of impregnation cycles.

Table 1 shows calculated coefficient K values for the exper-
imental samples. There is no significant difference between
the extracted and non-extracted samples as well as between
the applied pressures. Lower K values at the applied pressure
60 MPa in both cases cannot be explained before extra inves-
tigations. The overall results show that, in three cycles, it is
possible to introduce the necessary SiO> amount in the wood
for SiC synthesis.

The geometrical density of the samples as well as their mass
increases after each impregnation cycle. Fig. 3 shows that the
density of pine wood is 0.52 g/cm? for extracted and 0.53 g/cm’
for non-extracted samples and rapidly increases as the number of
impregnation cycles increases. After three impregnation cycles,
the geometrical density of both extracted and non-extracted sam-
ples reached 0.83 g/cm?>. During pyrolysis, not only the samples’
weight loss occurs, but also the geometrical dimensions decrease
as described in Table 2. The impregnated sample’s dimension
changes in tangential, radial and axial directions are 6, 7 and 17%
less than for the reference pine wood samples. It was observed
that such SiO, gel effect on the sample dimension changes dur-
ing pyrolysis does not lead to the formation of cracks in the
cell walls. It can be concluded that no reasonable internal stress
appears in Cp cell walls. After pyrolysis, geometrical density
for extracted and non-extracted samples was 0.83 g/cm’.

Mass changes during pyrolysis were investigated using TGA
and are shown in Fig. 4. Generally, wood starts to degrade ther-

Table 2
Dimension changes for the three times impregnated sample after pyrolysis at
500°C.

Samples Change of dimensions (%)

Tangential ~ Radial Axial
Extracted, impregnated pine wood ~ 25.5 2.1 189 £ 1.7 82+ 1.6
Impregnated pine wood 25614 194 +09 85+ 0.7
Pine wood 312+ 13 266+£13 152412
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Fig. 4. TG curves of the SiO; gel/pine wood composite and the reference pine
wood sample.

mally at about 250°C. The SiO, gel/wood composite begins
to degrade earlier at 220 °C owing to the residual ethyl groups
in the SiO; gel. Between about 300-375 °C, the majority of
wood-containing polymers have degraded. At about 400 °C, the
pyrolysis process is finished and, during further rising of temper-
ature, mainly the oxygen and hydrogen amount in Cg decreases.
At 500 °C, mainly all mass changes have occurred, and only a
small decrease in mass continues with increasing temperature.

DTA curves of the SiO; gel/pine wood composite and the
reference pine wood sample are shown in Fig. 5. There are no
considerable differences between both curves, which indicate
that the SiO, gel does not lead to a significant influence on
thermal processes of pyrolysis.

3.3. FT-IR analysis

Fig. 6 shows the FT-IR spectra of pine wood, SiO; gel (dried
at 105 °C) and three times impregnated SiO» gel/pine wood com-
posite. In the spectrum (Fig. 6a and c) of the pine wood and
SiO, gel/pine wood composite, the absorption bands at 3380
and 1113 cm™~! are attributed to the O—H stretch vibration and
the association band in cellulose and hemicellulose. Another
characteristic absorption band of wood is located at 2928 cm ™!
and is ascribed to the C—H stretch vibration. The C—O stretch
vibrations absorption band in cellulose and hemicelluloses is at
1055 cm™!, and this is the highest intensity band.? In the spec-
trum (Fig. 6b) of the SiO gel, the absorption bands at 1090,

°C
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Fig. 5. DTA curves of the SiO; gel/pine wood composite and the reference pine
wood sample.
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Fig. 6. FT-IR spectra of pine wood (a), SiOy gel (b) and SiO, gel/pine wood
composite ().

800 and 460 cm ™! are ascribed to the asymmetric and symmet-
ric stretching vibrations of Si—O—Si and Si—OH bonds.?> In
the SiO, gel/pine wood composite FT-IR absorption spectrum
(Fig. 6¢), peaks characteristic for both pine wood and SiO; gel
absorption spectra appear, suggesting that no chemical reaction
between the SiO; gel and wood occurs during the impregnation
cycle.

Fig. 7 shows the FT-IR spectra of the SiO>/Cg composite after
pyrolysis (Fig. 7a) and the SiC ceramics obtained at 1600 °C in
an inert atmosphere for 4 h (Fig. 7b). In the SiO,/Cp composite
spectrum, asymmetric and symmetric stretching vibrations of
Si—0O—Sibonds at 1090, 800 and 460 cm ™! and Cg characteristic
C=C bond vibrations at 1600 cm™! can be observed. In the FT-IR
spectrum of the products obtained at 1600 °C, the peaks assigned
to Si—O and C=C bonds become negligible, and nearly only the
peaks ascribed to the Si—C fundamental stretching vibration at
825 cm™! exist, suggesting that carbothermal reduction is nearly
completed.?

3.4. XRD analysis

The XRD patterns of the SiO; gel dried at 105 °C, pine wood
and the SiO» gel/pine wood composite dried at 105 °C are shown
in Fig. 8. It can be seen that two broad peaks centered at 20 = 24°
and 44° in Fig. 8a suggest that the SiO, gel is in an amorphous
state. In Fig. 8b, the characteristic peak of cellulose crystals
centered at 26 = 22° can be found.3? Characteristic peaks of both
SiO; gel and pine wood can be found in Fig. 8c. The cellulose
characteristic peak centered at 26 =22° overlap the SiO; gel
relevant peak centered at 20 =24°, resulting in a peak centered

(a)

N\ A

]
6 — N

Absorbance (a.u.)

e

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 7. FT-IR spectra of the SiO2/Cg composite after pyrolysis (a) and the SiC
ceramics obtained at 1600 °C (b).
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Fig. 8. XRD patterns of the SiO; gel (a), pine wood (b) and SiO; gel/pine wood
composite (c).

at 20=22.5°. The peak characteristic for SiO, gel at 26 =44°
shown in Fig. 8c has a lower intensity than that shown in Fig. 8a.

The XRD patterns of the SiO,/Cp composite obtained at
500°C and the porous biomorphic SiC ceramics obtained at
1600 °C are shown in Fig. 9. It can be suggested that the broad
peak centered at 20 =24° is formed by overlapping the Cg char-
acteristic peak®? and the amorphous SiO5 characteristic peak,
both located at around 26 = 24°. In the XRD pattern of the prod-

% X - BSiC

Intensity (a.u.)

20 25 30 35 40 45 S0 55 60 65 70
Diffraction angle 26 (“)

Fig. 9. XRD patterns of the SiO2/Cp composite (a) and the obtained porous
biomorphic SiC ceramics (b).

ucts obtained at 1600 °C, peaks of major phase cubic type 3-SiC
appear. Some amount of hexagonal a-SiC was found character-
ized by additional peaks around 26 =38° and 65°. An additional
diffraction peak (* marked) was detected at 26 =33.68°, which
is characteristic for stacking faults on the [1 1 1] planes in cubic
SiC.3! Diffraction peaks for crystalline SiO; (crystobalite) are
never observed, which indicates that nearly the whole amount
of silica has been consumed during the carbothermal reduction.
As the K values for obtained samples was larger than theoretical
ones but XRD do not confirm residue of SiO; in the sample, it is
supposed that the rest SiO; left the sample during carbothermal

Fig. 10. SEM micrographs of pine wood (a), pine wood Cpg template (LW, late wood; EW, early wood) (b), three times impregnated SiO» gel/pine wood composite

(c) and SiO,/Cg composite (d).



1518 J. Locs et al. / Journal of the European Ceramic Society 29 (2009) 1513—-1519

Fig. 11. SEM micrographs of porous SiC ceramics.

reduction and condensed on the crucible walls, where glass type
coating after several experiments was observed. The shape of
the peaks indicates that the obtained products are fine-crystalline
ceramics.

3.5. SEM analysis

SEM micrographs of pine wood, pine wood Cg charcoal, the
Si0, gel/pine wood composite and the SiO,/Cp composite are
shown in Fig. 10. The transverse section of pine wood is shown
in Fig. 10a. In pine wood tracheids with the mean diameter
20-40 wm and 5-10 wm cell wall thickness forms a tubular
structure. The tracheids can have a round or rectangular shape.
Fig. 10b shows a transverse section of pyrolyzed pine wood. As
can be seen, late wood is formed of round shape tracheids with
a thinner cell wall than the early wood tracheids of rectangular
shape.

After the pine wood is impregnated with SiO» sol, subsequent
gelling and drying occur, and a SiO, gel/wood composite is
formed (see the radial section in Fig. 10c). It can be seen that
the gel fills almost all tracheids. The cracks in the gel may occur
during the drying procedure of the gel or sample preparation.
After pyrolysis, a SiO2/Cg composite is formed (Fig. 10d). As
there were several impregnation procedures performed, all three
shells of impregnated SiO can be seen in some pores.

The mechanism of conversion of the Si02/Cp composite into
SiC ceramics is widely described by Qian et al.?®. In Fig. 11,
SEM micrographs of porous SiC ceramics, obtained at 1600 °C

for4 h, are shown. As can be seen, the obtained ceramic materials
retain the tubular pore structure of pine wood. The geometrical
density of the obtained samples was measured, to be equal to
0.35g/cm>. As the density of B-SiC is 3.21 g/cm?, the overall
porosity of the samples was calculated to be 89%.

It has been found from SEM micrographs that the pore
walls are formed of SiC crystals with the average size 100 nm
(Fig. 11c).

4. Conclusions

Optimized process, described in this paper demonstrates
the technology for manufacture porous SiC ceramics, using
pine wood and TEOS as raw materials. The optimized process
allows easily in short time procedures to introduce the necessary
amount of the SiO; for full conversion of the carbon present in
pine wood into SiC.

Simplified Impregnation Efficiency (IE, %) calculation is
introduced as an impregnation indicator. IE up to 95% for non-
extracted and 105% for extracted pine wood samples can be
achieved.

There is no significant difference in the SiO; uptake between
the pressures applied.

It is concluded from FTIR spectra that no chemical reaction
between SiO; gel/wood and SiO,/Cpg in composites occurs.

The effect of SiO; gel on the sample dimension changes dur-
ing pyrolysis does not lead to the formation of cracks in the cell
walls.
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